The application of stable isotopes in speleothem records requires an understanding of the extent to which speleothem calcite isotopic compositions refl ect the compositions of the cave waters from which they precipitate. To test for equilibrium precipitation, modern speleothem calcite was grown on glass plates, so that the carbon and oxygen isotope composition of the calcite and the water from which it precipitated could be directly compared. 
18
O slopes. These results, along with the spatial variations in glass plate calcite carbon and oxygen isotope compositions, suggest that the isotopic composition of the Holocene speleothems is in part controlled by non-equilibrium isotope effects. In addition, there is a correlation between stalactite length and oxygen and carbon isotope ratios of calcite precipitated on the corresponding stalagmite and glass plate, which may be due to 13 
C and

18
O enrichment of the HCO 3 -reservoir during CO 2 degassing-calcite precipitation along the overhanging stalactite.
We compiled 165 published speleothem stable isotope records with a global distribution and found that most of these records show a positive covariation between δ
13
C and δ
18
O values. Speleothem stable isotope records may be infl uenced by kinetic isotope effects such that temperature-controlled equilibrium fractionation models alone cannot directly explain the signifi cance of the variations in these records. Advancing the interpretation of these records requires the calibration of cave environmental conditions with the nonequilibrium isotope effects that cause δ
INTRODUCTION
The geochemistry of speleothems, which are secondary mineral deposits formed in caves, can be used to infer past environmental conditions. Speleothems have the potential to be a powerful tool in climatic studies because (1) the isotopic and chemical compositions of speleothems record temporal changes in groundwater chemistry that may be controlled by environmental conditions (Hendy, 1971; Banner et al., 1996; Bar-Matthews et al., 2000) , (2) speleothems are commonly deposited continuously over thousands of years and can be placed into a precise chronostratigraphy using U-series dating techniques (Edwards et al., 1987; Musgrove et al., 2001) , and (3) speleothems can form in low altitude, low-latitude terrestrial environments for which other high-resolution climatic records may be scarce. These factors can combine to produce a long, continuous high-resolution record of terrestrial climate change.
The oxygen and carbon isotopic compositions of calcite speleothems, particularly stalagmites, are of interest to paleoclimate researchers. δ
18
O variations in speleothems have been used to infer: (1) temporal changes in cave temperature, which is approximately equivalent to the mean annual temperature outside the cave environment (Hendy, 1971) ; (2) an average δ 18 O value of precipitation (Hellstrom et al., 1998) , which may refl ect ice volume, temperature of condensation, the seasonality of precipitation, the "amount effect," and sources of water vapor (Dansgaard, 1964; Harmon et al., 1978b) ; and (3) the extent of evaporation in the vadose zone (Lauritzen and Lundberg, 1999; McDermott, 2004 ). δ 13 C variations in speleothems have been used to infer the relative proportions of C 3 versus C 4 plants that control the δ 13 C value of soil-respired CO 2 (Holmgren et al., 1995) , changes in ecosystem productivity that control soil P CO 2 (Genty et al., 2003) , changes in the δ 13 C value of atmospheric CO 2 (Baskaran and Krishnamurthy, 1993) , and changes in waterrock interactions (see review by McDermott, 2004) . More detailed explanations that outline the interpretations of stable isotope variations in speleothems in climatic studies can be found in Hendy (1971) , Gascoyne (1992) , Lauritzen (1995) , Desmarchelier et al. (2000) , Schwarcz (1986), and McDermott (2004) . When interpreting the stable isotopic composition of speleothems, a common assumption is that calcite is precipitated in carbon and oxygen isotope equilibrium with its corresponding drip water. In our previous study, we assessed the deviation of modern speleothem calcite from carbon and oxygen isotope equilibrium along stalagmite growth axes . In the present study, we further explore mechanisms for this isotopic disequilibrium by examining the detailed spatial variations in isotopic composition of speleothem calcite grown on glass plates deployed beneath cave drips.
Tests for Isotopic Equilibrium Precipitation of Stalagmite Calcite
For temperature-dependent equilibrium fractionation factors to be used in interpreting speleothem stable isotope records, the speleothems must be precipitated in isotopic equilibrium. The following are tests for isotopic equilibrium precipitation of stalagmites. (1) δ
18
O and δ 13 C values of samples along a single growth layer of a stalagmite should lack a progressive increase away from the growth axis (Hendy and Wilson, 1968; Fantidis and Ehhalt, 1970; Hendy, 1971) ; growth-axis and growth-layer sampling schemes are shown in Figure 1A . (2) δ 18 O and δ 13 C values of samples taken along a single growth layer should not be positively correlated (Hendy and Wilson, 1968; Hendy, 1971; Gascoyne, 1992) ; the diffi culty of sampling a discrete layer as it thins away from the growth axis (Linge et al., 2001a; Drysdale et al., 2004) may make resolution of the full extent of 13 C and
O enrichment diffi cult, and may produce false negative results from the application of Hendy's (1971) "test" (Dorale et al., 2002) . (3) Samples taken along the growth axis should lack a positive correlation in δ
O and δ
13
C values (Goede et al., 1986; Goede, 1994; Desmarchelier et al., 2000) . This last criterion is often disputed by studies that attribute the positive correlation in δ
18
13
C values of calcite along the growth axis to environmental change that simultaneously affects both the δ 13 C and δ
18
O values of speleothems (Dorale et al., 1998; Denniston et al., 2001; Genty et al., 2003; Paulsen et al., 2003) . Isotopic disequilibrium associated with rapid CO 2 degassing and calcite precipitation would cause speleothems to fail these three tests.
In addition to such kinetic isotope effects, environmental factors can also produce both positive and negative correlations between δ 13 C and δ
O values of speleothem growth axis calcite. Here we consider examples of carbon and oxygen isotope variations produced by four climatic regimes.
1. In tropical and monsoonal climates, the amount effect is the dominant process that affects the δ
O value of precipitation such that an increase in the amount of precipitation will result in precipitation with lower δ
O values (Rozanski et al., 1993) . This increase in precipitation amount might also cause a decrease in the δ 13 C value of speleothem calcite by increasing soil moisture content and soil respiration rates (Raich and Schlesinger, 1992; Lachniet et al., 2004b) or by reducing water-rock interactions, thereby reducing the amount of 13 C-enriched carbon derived from the host limestone (Paulsen et al., 2003) , resulting in a positive correlation between the δ 18 O and δ
13
C values of speleothem calcite (e.g., Li et al., 2000a; Burns et al., 2002; China and southern Oman, respectively) . In contrast, strong summer monsoonal rain, with low δ
18
O values, may also favor high δ 13 C value C 4 grasses (Stowe and Teeri, 1978) , and we suggest that this may explain the negative correlation in δ
13
C values of select stalagmites from Hulu Cave, Nanjing, China (Wang et al., 2001 , Table 1 ).
2. In temperate climates, increasing temperature is correlated with higher δ
18
O values of precipitation (Rozanski et al., 1993) . Higher temperatures, however, may either decrease the δ 13 C value of speleothem calcite by increasing soil respiration rates (Raich and Schlesinger, 1992; Genty et al., 2003) or increase the δ 13 C value by favoring high δ 13 C value C 4 plants (Stowe and Teeri, 1978; Dorale et al., 1998; Denniston et al., 2001 ) (i.e., positive or negative correlations).
3. In general, increased aridity may result in increased δ
O values of cave drips owing to enhanced soil water evaporation (Allison, 1982) while simultaneously increasing the δ 13 C value of speleothem calcite by any of the following: increasing productivity of C 4 plants (Stowe and Teeri, 1978) ; increasing the water stress, and thus increasing the δ 13 C value of C 3 plants (Farquhar et al., 1989) ; and/or decreasing soil respiration rates (Raich and Schlesinger, 1992) (positive correlation).
4. Environmental change toward a dry-summer, wet-winter Mediterranean climate may decrease δ
18 O values of average rainfall and decrease δ 13 C values of soil-respired CO 2 by decreasing the proportion of C 4 plants that grow (2002) OBI 12 S + 8-0 3.9 5.4 N47°E15°V erheyden et al. (2000) Père Noël S + 13-1. , 1997, 1999) . In contrast, Frumkin et al. (2000) invoke intense soil erosion during times of intense rainfall as the cause of negative δ 13 C and δ 18 O correlation during discrete intervals from these same records. The present study will show, following the theory of Hendy (1971) , that a positive δ 13 C and δ 18 O covariation can occur from non-equilibrium isotope effects, independent of environmental changes, that result from the isotopic evolution of the dissolved inorganic carbon (DIC) reservoir during progressive CO 2 degassing and calcite precipitation.
Modern Speleothems
We compare the isotopic compositions of speleothem calcite and the water from which the speleothems precipitate to assess whether calcite is precipitated in isotopic equilibrium. Modern speleothems refer here to the tips of actively growing stalagmites and to calcite grown on frosted glass plates placed on those stalagmites as substrates for calcite precipitation (Fig. 2) . The spatial variations in δ
18
O and δ 13 C values of calcite grown on these plates are analogous to Hendy's (1971) tests 1 and 2 for isotopic equilibrium on calcite along single growth layers in ancient speleothems, with three important distinctions: (1) There is no ambiguity regarding the age of the glass plate calcite layer, because the timing of the placement and collection of the plate is precisely known. Stalagmite growth layers thin away from the growth axis, so the ability to sample the same time interval along a growth layer depends on the resolution of the sampling method. This introduces errors that increase as growth layers thin (Dorale et al., 2002) . (2) Glass plate calcite can be sampled in any direction relative to the growth axis. Natural speleothems, which are commonly sliced in half, allow sampling along only one plane. (3) The carbon and oxygen isotope composition of the corresponding drip water and the temperature of formation can be measured and compared, using equilibrium isotope fractionation factors, to the carbon and oxygen isotope composition of corresponding glass plate calcite. This provides a direct test for carbon and oxygen isotope equilibrium during calcite precipitation.
Sample Site Description
Modern speleothem calcite was sampled from the tips of three actively forming stalagmites from Harrison's Cave, Barbados. The three stalagmites studied from Harrison's Cave are in the Upper Passage (see map in Mickler et al., 2004) and occupy an area of ~1 m 2 (Fig. 2) . We would expect that conditions in the Upper Passage sites are conducive to the precipitation of speleothems in isotopic equilibrium with their corresponding drip water relative to other locations in the cave. Speleothems at these sites form under high relative humidity (>98%; Mickler, 2004) and from relatively slow, steady drips. These conditions limit evaporative 18 O enrichment in the drip water and may limit kinetic isotope effects caused by large variations in drip rates and the accompanying changes in drip water chemistry.
All three stalagmites are ~1 m in height and of comparable diameter and are fed by drips fl owing at <0.3 mL/min. However, the drips Table 4 . § § These two segments of a single speleothem were merged as one item for Table 4 . feeding the stalagmites originate from the tips of corresponding stalactites of different shapes and sizes (Table 2) . Site BC-98-1 is fed by a bentsoda-straw stalactite ~25 cm long that thickens toward the roof of the cave. Site BC-98-2 is fed from a carrot-shaped stalactite that formed by the connection of two soda straws ~40 cm in length and 7 cm in diameter near its top. The stalactite feeding site BC-98-2 no longer has an open central cavity, and water runs down the stalactite along its outside surface. Site BC-98-3 is fed from a 7-cm-long bent soda straw, a much smaller stalactite than those at the other sites.
METHODS
Collection of Modern Calcite
Glass plate calcite was collected by placing 10 cm × 10 cm frosted glass plates on actively growing stalagmites. Glass plates were prepared by frosting with a sandblaster and then cleaning in an ultrasonic bath in microsolution, followed by de-ionized water. These stalagmites were fi rst covered with a plastic bag to protect them from the experiment (Fig. 2) . A modeling-clay base was constructed on the bag, and the plates were placed on the clay base so they were horizontal and the discrete drip feeding the speleothem fell in the middle of the plate. Glass plates were placed on 1 February 1999 and were collected on 1 July 2000. In addition, cores of the underlying stalagmite tips were collected .
This glass plate method of evaluating speleothem isotopic equilibrium supports cave conservation, because collecting speleothem calcite on glass plates causes no permanent damage to cave formations. Because this method is nondestructive, a great many sites can be studied, increasing our understanding of the controls on the chemistry of speleothems potentially with much higher temporal resolution than is possible with natural cave formations. Alternatively, coring the tips of, or collecting whole, actively growing stalagmites and stalactites, or breaking the tips of soda straws, is required to obtain similar data. This glass plate method is effective for assessing isotopic equilibrium during calcite precipitation on the basis of the similarity of both carbon and oxygen isotope composition of the center of the glass plate calcite and the underlying stalagmite tips .
Plate Sampling
Temporal variability in the δ 18 O and δ 13 C values of plate calcite was assessed by sampling calcite, using a dental drill, from a 1 cm 2 area near the locus of precipitation on the glass plate (Fig. 3A) . The calcite within this 1 cm 2 area was sampled in 0.02 mm layers over its entire thickness. This is analogous to sampling a speleothem along the growth axis. The relative heights of the dental drill and glass plates were monitored using a digital micrometer with a resolution of 1 µm.
The spatial variability in the oxygen and carbon isotope composition of the calcite was assessed by sampling calcite in a grid with a spacing of 2 cm × 2 cm (Fig. 3) . At each grid point a small area ~2 mm in diameter was sampled, using a dental drill, encompassing the entire thickness of the calcite. This is analogous to sampling a speleothem along an individual growth layer.
Carbon and Oxygen Isotopic Composition of Calcite
Calcite samples were analyzed for carbon and oxygen isotope composition at the University of Texas at Austin. Approximately 200-350 µg of calcite was analyzed in individual reaction vessels at 90 °C, using a Micromass Multiprep system. The resulting gas was released into a VG Prism II dual-inlet, triple-collector mass spectrometer and analyzed using standard BC-98-1 BC-98-1 BC-98-2 BC-98-2 BC-98-3 BC-98-3 
Field Chemistry
Water was collected on three dates (11 July 1998, 1 February 1999, 1 July 2000) by placing a 1L polypropylene bottle on top of the stalagmites for 24 h, at which time water temperature and pH were measured, using a pH electrode and temperature probe. Two 40 mL amber VOA vials were collected for each water sample for alkalinity determination and δ 13 C value of DIC. These samples were transported in a dark and cool container, and alkalinities were determined at the end of each fi eld day by titrating 25 mL of cave water to a pH of 4.5, using 0.1M HCl.
Carbon and Oxygen Isotopic Composition of Waters
Cave water samples were prepared for δ 18 O analysis by equilibrating CO 2 with 300 µL of water at 40 °C for 7 h, using a Micromass Multiprep system, and analyzed on a VG Prism II dual-inlet mass spectrometer at the University of Texas at Austin. The oxygen isotopic values of water samples are expressed relative to Vienna Standard Mean Ocean Water. Analytical precision (2 σ) was 0.1‰, as determined by analysis of internal laboratory standards.
The C isotopic composition of dissolved inorganic carbon was determined by injecting 5 mL of the cave drip water into an evacuated sample vial with H 3 PO 4 . The resulting mixture of CO 2 , water vapor, and noncondensable gases was released into a vacuum line, and the CO 2 was cryogenically purifi ed. The CO 2 gas was analyzed on a VG Prism II dual inlet mass spectrometer. Analytical precision (2 σ of 0.1‰) was determined by analyzing a solution of Na 2 CO 3 (aq) with a known C isotope composition and DIC concentrations similar to cave drip waters.
Cation Analysis
Approximately 15 mL of cave water was collected in an acid-cleaned polypropylene bottle and acidifi ed to 1‰, using ultrapure HNO 3 , after it was returned to the University of Texas. Major elemental concentrations were analyzed from these waters at the University of Minnesota, using an inductively-coupled-plasma mass spectrometer, Perkin Elmer/Sciex Elan 5000 (Xia et al., 1997) .
RESULTS
Calcite grown on the glass plate was deposited much like a natural speleothem. The greatest calcite thickness was found where the cave drip fell on the plate, analogous to the component of maximum calcite growth along the speleothem growth axis (Fig. 3A and B) . The calcite thickness decreased away from the growth axis from maximum thicknesses of 1.1 mm on plate BC-98-3 to a minimum value of <0.1 mm. Microscopy reveals rhombohedral crystals hundreds of micrometers in diameter, suggesting calcite mineralogy, which was confi rmed by powder X-ray diffraction analysis.
The spatial variability in δ 13 C and δ
18
O values of glass plate calcite shows consistent trends. The δ 13 C values of calcite from sites BC-98-1, BC-98-2, and BC-98-3 increase away from the growth axes (Fig. 3C) . Only the lowest δ 13 C values, those near the growth axes, are consistent with precipitation in C isotope equilibrium with DIC of the corresponding drip waters (Table 2 ; Fig. 4) , as are the tips of the corresponding stalagmites . Some 13 C enrichment likely occurs in the DIC due to CO 2 degassing during collection of the water samples, and possibly during storage prior to analysis. Adjusting the DIC δ
13
C values for such an effect would only increase the extent of C isotope disequilibrium observed between DIC and the plate calcites. O values of calcite from the glass plates also increase progressively away from the growth axes (Fig. 3D) . In all three plates the lowest δ
18
O value of the calcite is higher than equilibrium values by 1.2‰ to 2.0‰, as are the tips of the corresponding stalagmites (Table 2) . There is little temporal or spatial variation in the oxygen isotope composition of the drip waters and groundwaters throughout Barbados, nor is there substantial variation among the drip sites described here (Table 2; 
Theoretical Determination of Potential Extent of DIC Loss
Calcite speleothem formation typically results when water, at or near equilibrium with a high P CO 2 soil environment and calcite, enters the cave environment with a lower P CO 2 (Holland et al., 1964) . The water will move toward chemical equilibrium with its new environment by degassing CO 2 , and the calcite precipitationdissolution reaction (equation 1) will be driven to the right and calcite will precipitate. 
As calcite precipitation, driven by CO 2 degassing, progresses, the HCO 3 -reservoir in the drip water will undergo C enrichment is a function of the fractionation factors between the C species and the fraction of total DIC lost to CO 2 degassing and CaCO 3 precipitation. This isotopic evolution may be modeled as a Rayleigh distillation process, as discussed in Bar- Matthews et al. (1996) and Mickler et al. (2004) . The fraction of DIC lost to degassing and calcite precipitation was estimated by modeling the evolution of the geochemical composition of the cave water, using the PHREEQC program (Parkhurst and Appelo, 1999) . Several assumptions are made in the modeling: (1) Upon entry into the cave environment and prior to CO 2 degassing, the water is in chemical equilibrium with a high P CO 2 soil environment and calcite (Table 3B ). To calculate this end member, PHREEQC was used to model CO 2 addition to bring the collected water, which was supersaturated with calcite, to chemical equilibrium with calcite. (2) The geochemical composition of the water collected in the cave has been altered since fi rst entering the cave by CO 2 degassing, but not CaCO 3 precipitation, prior to measuring alkalinity, pH, and DIC δ 13 C. The presence of the stalactites indicates some calcite precipitation prior to drip water sampling. Neglecting this process underestimates the amount of DIC initially present upon entry of the drip water into the cave. (3) CO 2 degassing and CaCO 3 precipitation (equation 1) continue until the water is in chemical equilibrium with cave P CO 2 and calcite (Table 3C ). Assumptions 1 and 3 defi ne two end-member conditions of DIC concentrations that conservatively defi ne the possible range of DIC loss. In this study, atmospheric P CO 2 was used as the end member because cave P CO 2 was not measured, but natural cave environments commonly have P CO 2 concentrations higher than atmospheric values.
Maximum Modeled
C and
18
O Enrichment
An estimation of the maximum 13 C enrichment in the HCO 3 -reservoir owing to CO 2 degassing and CaCO 3 precipitation was made, using a Rayleigh distillation model outlined in Bar-Matthews et al. (1996) and Mickler et al. (2004) , published isotope fractionation factors, and the conservative upper limit estimation of DIC loss described in the previous section. The effects of Rayleigh distillation on the δ 13 C value of the DIC reservoir can be modeled by:
where δ is the C isotope composition of HCO 3 -(aq), δ o is the initial C isotope composition of HCO 3 -(aq), ƒ is the fraction of HCO 3 -(aq) remaining at a given point in the drip water's evolution, and α p-r is the equilibrium carbon isotope fractionation factor between a bulk product and the HCO 3 -(aq) reactant. The variable ƒ was estimated by using the extent of DIC loss with the results given in Table 3 and discussed in the previous section. Because the C in HCO 3 -(aq) is evenly partitioned between CaCO 3 and CO 2 (g) during calcite precipitation, we defi ne a fractionation factor between a bulk product and HCO 3 -(aq) such that α (bulk product
is 1/2(α CO 2 -HCO 3 -) + 1/2(α calcite -HCO 3 -).
Using fractionation factors for α CO 2 -HCO 3 -and α calcite -HCO 3 -of 0.9922 and 1.0010, respectively (Romanek et al., 1992; Zhang et al., 1995) , the α (bulk product -HCO 3 -) is 0.9966 at 26.1 °C, the average temperature measured at the glass plate sites during calcite collection (Table 2) .
We modeled the oxygen isotope effects of CO 2 degassing, CaCO 3 precipitation, and H 2 O formation, using an analogous Rayleigh distillation approach with the following assumptions: There is no oxygen isotope exchange between DIC and water, and the fractionation factor between the bulk product and HCO 3 -(reactant) is 2/6(α CO 2 -HCO 3 -) + 3/6(α calcite -HCO 3 -) + 1/6(α H 2 O -HCO 3 -), or in proportion to the oxygen in each of the three products. Using fractionation factors for α CO 2 -HCO 3 -, α calcite -HCO 3 -, and α H 2 O -HCO 3 -of 1.0062, 0.9939, and 0.9667, respectively, the α (bulk product -HCO 3 -) is 0.9935 at 26.1 °C. Fractionation factors between HCO 3 -and other O-bearing species in equation 1 were calculated from the fractionation factors of Brenninkmeijer et al. (1983) , Usdowski and Hoefs (1993) , and Kim and O'Neil (1997) .
This approach is an end-member calculation because it neglects CO 2 hydration and hydroxylation reactions (equations 3 and 4), which will buffer the oxygen isotopic composition of the HCO 3 -(aq) reservoir and reduce the magnitude of the oxygen isotope effects of CO 2 degassing. Note: Ca +2 error ± 0.05 × 10 -3 mol/L; CO 2 * = CO 2 (aq) + H 2 CO 3 (aq). DIC-dissolved organic carbon.
The forward and backward reactions outlined in equations 3 and 4 will result in the HCO Figure 1B . We use Rayleigh distillation to model the C isotope evolution of precipitating calcite because if carbon isotopes are fractionated during calcite precipitation, there must be an effect on the isotope composition of the remaining reactant. During rapid mineral precipitation, like that of speleothem formation, it is not uncommon for isotopic disequilibrium to occur (Fantidis and Ehhalt, 1970; Hendy, 1971) . However, we use equilibrium fractionation factors as a best fi rst approximation because they are known, whereas any deviation from isotopic equilibrium is unknown. If suffi cient carbon is lost from the DIC reservoir to cause the observed 13 C enrichment across the glass plates, then this consumption of the HCO 3 -should also affect the oxygen isotope composition. Only the relatively slow hydration-dehydration reactions permit oxygen isotope exchange with water, so if the precipitation of calcite proceeds rapidly, there may be progressive 18 O enrichment in the HCO 3 -and in the CO 3 -that is ultimately incorporated into the calcite. We recognize that excess CO 2 degassing beyond that in equation 1 would cause an additional increase in the δ 13 C value, which could also be modeled by Rayleigh distillation with equilibrium fractionation factors (e.g., Michaelis et al., 1985) . This process, however, should cause a decrease in the oxygen isotope ratios, whereas we observe coincident increases in both δ 13 C and δ
18
O values. A CO 2 degassing mechanism that can cause simultaneous increases in both δ 13 C and δ
O values is the kinetic isotope effect of the back reaction of equation 3 (dehydration), which is coupled to degassing (Hendy, 1971) .
Estimation of Potential DIC Loss and 13 C Enrichment in HCO 3 -Reservoir
Water collected at the drip sites was supersaturated with respect to calcite as calculated from pH, temperature, alkalinity, and cation concentrations (Table 3A) . This suggests that degassing of CO 2 prior to analysis altered the chemistry of the cave drip water. A maximum estimate of the possible extent of DIC losses is given in Table 3D . These calculations suggest that between 72% and 83% of the DIC could have been lost to CO 2 degassing and CaCO 3 precipitation. Modeling the C isotope effects by Rayleigh distillation indicates that this loss of DIC would result in a 13 C enrichment of the HCO 3 -reservoir of 4.3‰ to 6.0‰ (Fig. 1B) . These are maximum estimates of the potential enrichments, from progression of equation 1, because the cave environment likely has a higher P CO 2 than atmospheric values. The maximum observed 13 C enrichment within a plate was 6.6‰ (BC-98-3), which is between 1.0‰ and 1.3‰ higher than the modeled results for the site BC-98-3 drips (Table 3D) .
DISCUSSION
Rayleigh Distillation Model
Most of the C available for speleothem formation is held in the HCO 3 -reservoir, and no other large source of C exists to buffer the δ 13 C value of calcite. As CO 2 degassing and CaCO 3 precipitation proceed, there will be a progressive increase in the δ 13 C value of the HCO 3 -reservoir and the corresponding precipitated calcite. If CO 2 hydration and hydroxylation reactions are suffi ciently fast relative to the rate of calcite precipitation, maintaining oxygen isotopic equilibrium between HCO 3 -and H 2 O, there will be no change in the δ 18 O value of calcite during progressive CO 2 degassing and CaCO 3 precipitation, the processes causing (Fig. 6, line A) . If no CO 2 hydration and hydroxylation reactions are operating to buffer the δ 18 O value of the HCO 3 -reservoir, an end-member condition that will not occur in natural systems, then the isotopic composition of the HCO 3 -reservoir, and thus the calcite, will evolve along a line with a slope of 0.52 at 26.1 °C (Fig. 6, line  B) . The slope of 0.52 represents the ∆δ 13 C/∆δ 18 O enrichment ratio modeled earlier by Rayleigh distillation (Fig. 1B) . Owing to the temperature effect on the fractionation factors, this slope will vary with temperature, but this is a minor effect relative to the non-equilibrium isotope effects. Figure 6 , line C.
Spatial Isotopic Variability
When considered individually, the three drip sites each appear to produce distinct calcite carbon and oxygen isotope compositions and variability (Fig. 4) . For instance, site BC-98-3 contains the lowest and most variable δ
18
13
C values. Site BC-98-2 contains the highest average isotopic compositions, with the lowest variability. Thus, even though the three stalagmites occupy an area of ~1 m 2 in the same cave environment, each drip has its own unique isotopic and chemical composition (Tables 2  and 3 ). If these were ancient speleothems, one might infer distinct paleoenvironmental conditions for each.
When considered as a single system, the δ 18 O and δ
C results from sites BC-98-1, 2, and 3 follow the same linear trends (Fig. 4) , consistent with the model outlined in Figure 6 . Calcite precipitation and CO 2 degassing may be proceeding too fast for CO 2 hydration-hydroxylation reactions to buffer the oxygen isotope system degassing and calcite precipitation. The potential is greater for reaction progress along a longer stalactite prior to the drip water of a given composition depositing calcite on the stalagmite, or the glass plate. As a result, calcite precipitated on a stalagmite, or a glass plate, under a relatively shorter stalactite would be expected to have lower isotopic compositions and greater calcite thicknesses near the locus of precipitation, and greater isotopic variability along growth layers. By contrast, drip water of the same chemical composition, but which fl ows over a relatively larger stalactite, and subsequently has more time to degas CO 2 and precipitate calcite, would be expected to produce calcite with different growth and isotopic characteristics. All other factors being equal, calcite formed from water fl owing over a relatively large stalactite would have higher isotopic compositions and lower calcite thicknesses near the locus of precipitation, and lower isotopic variability along growth layers.
Our experiment uses fl at glass plates, which may affect the stable isotope composition of calcite along the growth layer by forcing the drip water to fl ow across a fl at surface, unlike a natural convex stalagmite. This likely prolongs the residence time of drip water, relative to a natural stalagmite, allowing more time for CO 2 degassing and calcite precipitation. The range of δ
18
13
C values of calcite precipitated near the locus of precipitation on the glass plates, however, is consistent with values obtained from the calcite along the growth axis of the plate's corresponding stalagmite tip (Mickler et al., 2004, Table 2 ). This suggests that the stable isotope composition of calcite along the growth axes is not affected by any increase in drip water residence times that may occur on the fl at plates. The long drip water residence times on the glass plates relative to a convex natural stalagmite, along with our ability to sample very thin growth layers, may explain why we observe larger isotope variability along growth layers relative to natural stalagmites. Standard stalagmite sampling procedures, because of the diffi culty of sampling discrete layers, may prevent the observation of the large isotopic variability seen on the glass plates.
The range of carbon isotope compositions observed on plates BC-98-1 and BC-98-2 can be explained by progressive loss of bicarbonate by the reaction represented by equation 1 and Figure 1B . However, only 5.3‰ to 5.6‰ of the 6.6‰ variation in the calcite δ 13 C values observed on plate BC-98-3 can be accounted for by this modeled process. The ~1.0‰ carbon isotope enrichment on plate BC-98-3 in excess of that accounted for by the Rayleigh distillation model may be a consequence of other factors, including the following: (1) Rapid calcite crystallization may impart non-equilibrium carbon isotope fractionations between the calcite and the DIC. (2) CO 2 degassing simultaneously with calcite precipitation in excess of the 1:1 CO 2 to calcite stoichiometry of equation 1 would decrease the α (bulk product -HCO 3 -)
, thereby causing a carbon isotope ratio increase in the remaining reactant bicarbonate. (3) Gaseous 13 C diffusional enrichment of up to 4.4‰ in the air boundary layer along the air-water interface might cause an increase in the δ 13 C values if this CO 2 is incorporated back into the plate calcite. (4) The measured DIC chemistry of the drip waters collected at site BC-98-3 might be unrepresentative of the temporal variability at this site, and thus the potential reaction progress during calcite formation may be underestimated. Unfortunately, this study does not permit us to distinguish among these mechanisms.
Temporal Isotopic Variability
Analysis of the δ Hendy's (1971) layer tests for isotopic equilibrium on two of three layers studied, suggesting that these layer tests do not predict positive axial speleothem calcite carbon and oxygen isotopic covariation. Because several of these speleothems show strong positive δ
13
C versus δ
18
O covariation, the mechanism, or mechanisms, proposed to explain the temporal record must also explain the positive δ 
Implications for Speleothem-Based Climate Studies
Our results indicate that progressive CO 2 degassing and CaCO 3 precipitation may produce a positive covariance between δ 13 C and δ
18
O values, both along the speleothem growth layers and growth axes, with a slope >0.52. This covariation can be accounted for by Rayleigh distillation of the HCO 3 -reservoir combined with incomplete oxygen isotopic equilibrium of the HCO 3 -reservoir with H 2 O. These non-equilibrium isotope effects may be infl uenced by climate. For example, increases in temperature will decrease CO 2 solubility and increase chemical reaction rates, including the oxygen isotope exchange rates between DIC and water (Mills and Urey, 1940) , which may infl uence the kinetic isotope effects discussed in this paper. Conducting a similar plate study at a higher temporal resolution may document a climatic control on non-equilibrium isotope effects. Such research may help to calibrate isotopic shifts observed along speleothem growth axes and growth layers to physical conditions in a cave environment, such as temperature, drip rates, calcite precipitation rates, stalactite geometry, and cave ventilation.
The positive correlation between δ 13 C and δ
O values of speleothem calcite sampled along the growth axis is commonly explained by climate change, discussed in detail in the section on Tests for Isotopic Equilibrium Precipitation of Stalagmite Calcite. The results of this study offer an additional explanation for positive δ 13 C versus δ
O covariation in speleothem calcite, and provide support for the tests for isotopic equilibrium calcite precipitation (Hendy, 1971; Desmarchelier et al., 2000) .
A simultaneous increase in δ 13 C and δ
O values of speleothem calcite has been identifi ed by other researchers who suggested that CO 2 degassing was responsible for 13 C enrichments but evaporation of the drip water was responsible for 18 O enrichments (Fornaca-Rinaldi et al., 1968; González and Lohmann, 1988) . In our study, evaporative 18 O enrichment of cave water was discounted as a method of producing the observed 1.7‰
O enrichments seen across the glass plate calcite at site BC-98-3 because of (1) the high relative humidity in the cave system (>98%), (2) the short residence time of the cave water on the glass plates (~30 min), and (3) the relatively large fraction of water that would have to be evaporated to produce the 18 O enrichments recorded in calcite sampled from the center to the edge of the glass plate (16%-19%).
Prevalence of δ
18
C Covariation in Speleothem Records
We reviewed published stable isotope studies of speleothems and found that many demonstrate carbon and oxygen isotope variations consistent with our proposed model (Table 1) . These speleothem studies were broadly divided into three groups: those that show positive δ C covariations-65% of 37 studies (Table 4C) . Even some speleothem records that show no apparent δ 18 O-δ 13 C covariation for the entire data set contain shorter intervals that show strong positive covariations Fig. 7B) , and less commonly, strong negative covariations. Occasionally, some intervals are found that exhibit a vertical δ 13 C versus δ
18
O slope (e.g., Peqiin Cave; Bar-Matthews et al., 2003) . Speleothem records in which the entire data set is negatively correlated also may contain short intervals that show strong positive δ 13 C versus δ 18 O covariations (Li et al., 1997, in Fig. 7 and Table 1 ). These short intervals that show positive δ 13 C versus δ 18 O covariation may be caused by variations in non-equilibrium isotope effects consistent with the model we propose to explain the isotopic variations in speleothems in Harrison's Cave.
Certainly not all positive δ
O and δ 13 C covariations in speleothem records shown in Table 1 are the result of kinetic isotope effects caused by CO 2 degassing and CaCO 3 precipitation that are independent of environmental conditions, as described in the Introduction. The Peqiin and Soreq Cave studies, e.g., show striking isotopic shifts that correspond to global climate changes, but they also manifest strong positive correlations in δ C covariations occur, possibly from non-equilibrium isotope effects, speleothem stable isotope records can still provide paleoclimatic information (e.g., .
IMPLICATIONS
Speleothem records may be infl uenced by kinetic isotope effects such that temperaturecontrolled equilibrium fractionation models alone cannot adequately explain the signifi cance of the records. Proper interpretation of these records may require that the non-equilibrium isotope effects, causing δ 13 C and δ
18
O covariations in speleothems, be calibrated to physical conditions in the cave, such as temperature, cave P CO 2 , drip rates, calcite precipitation rates, stalactite geometry, and drip water chemistry.
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